, mitotic arrest deficient protein 1a; PGC-1 , peroxisome proliferators-activated receptor coactivator-1 ; PP2A, protein phosphatase 2A; PP2A PR130, protein phosphatase 2 regulatory subunit B; Rad51D, RADidation sensitivity abnormal/year RAD-related 51D; ST5, suppression of tumorigenicity 5
Introduction
The eukaryotic DNA damage checkpoint ensures the maintenance of genomic integrity and suppression of tumorigenesis in the presence of DNA damage or incomplete DNA replication by the regulation of various cellular responses, including cell cycle progression and DNA repair (Zhou and Elledge, 2000) . It has been demonstrated that the most of the components of the DNA damage checkpoint are either tumor suppressors or are closely related to cancer. For example, proximal kinases such as ATM and ATR, mediator molecules such as Brca1 and PML, and effector kinases such as Chk1 and Chk2 have been found to play roles as tumor suppressors. Upon DNA damage, checkpoint kinases Chk1 and Chk2 are activated by the upstream proximal kinases, ATM and ATR and determine cellular responses by regulating target protein functions through phosphorylation (Bartek and Lukas, 2003) . To date, many important regulatory proteins have been revealed as substrates for Chk1 and Chk2 including Cdc25A, Cdc25C (Ahn and Prives, 2002) , p53 (Shieh et al., 2000) , Brca1 (Lee et al., 2000) , PML (Yang et al., 2002) , E2F (Stevens et al., 2003) and p73 (Gonzalez et al., 2003) . These studies indicate that both Chk1 and Chk2 play a central role in the cellular response to DNA damage by regulating multiple cellular processes including the cell cycle checkpoint, the transcription machinery, apoptosis and senescence as well as DNA repair.
Chk2 mutations were observed in Li-Fraumeni syndrome and in many sporadic cancers (Bell et al., 1999; Bartek and Lukas, 2003) . Chk1 mutations were found in cervical and rectal cancers (Bertoni et Identification of novel substrates for human checkpoint kinase Chk1 and Chk2 through genome-wide screening using a consensus Chk phosphorylation motif Bartek and Lukas, 2003) . Studies utilizing a Chk2-deficient mouse model showed that Chk2 deficiency resulted in the loss of checkpoint function, resistance to -irradiation (IR), defective to p53 function and apoptosis (Hirao et al., 2000; Takai et al., 2002) . On the other hand, Chk1 deficiency in mouse or in embryonic stem (ES) cells is lethal indicating that Chk1 function is essential for normal development and cell growth (Takai et al., 2000) . These studies indicated that Chk1 and Chk2 functions are closely related to tumorigenesis. Furthermore, the wide range of abnormal phenotypes of Chk1-and Chk2-deficient cell lines and mouse models suggest that Chk1 and Chk2 play an important role in many cellular processes through phosphorylation of a large number of target proteins. Therefore, the identification of physiological substrates is an essential step to understanding their tumor suppressor functions and to understanding the underlying regulatory mechanisms of the DNA damage response.
To identify novel substrates for Chk1 and Chk2, we employed a genome-wide peptide database search using a consensus Chk1/Chk2 substrate phosphorylation motif established previously from the oriented peptide library analyses (O'Neill et al., 2002) . This approach allows us to find novel candidate substrates that previously could not be identified in the conventional biochemical study. By examining direct phosphorylation of those candidates by in vitro kinase assay, we could identify novel targets for Chk1 and Chk2. Among positively phosphorylated candidates, we further analyzed HDAC5 and PGC-1 for Chk1/Chk2-dependent phosphorylation and demonstrated that HDAC5 and PGC-1 are specific substrates for Chk1 and/or Chk2. Newly identified targets should contribute to the understanding of the tumor suppressor functions of Chk1 and Chk2 and of the regulatory circuit of the DNA damage response.
Materials and Methods

Plasmids and GST fusion protein production
For Glutathione S-transferase (GST)-fusion peptide expression plasmids of 43 candidates, complementary oligonucleotides encoding 13 amino acids of the Chk1/Chk2 phosphorylatoin target site listed in Table  1 were synthesized and subcloned into the EcoRI/ XhoI site of pGEX-5X vector (Amersham Pharmacia Biotech, Piscataway, NJ). The sequence of the oligonucleotides is available upon request. Flag-HDAC5 was kindly provided by Eric Verdin and Flag-PGC-1 was generated by subcloning PGC-1 cDNA (a gift from Bruce Spiegelman) into the pCMV-Tag2B vector (Stratagene, La Jolla, CA). The pGEX-HDAC5 fragment (amino acids 386-600) and pGEX-PGC-1 fragment (amino acids 201-400) were generated by PCR with primers: HDAC5 F 5'-ATCCCGGAATTC-GAGAGGCAGGCCCTCCAG-3', HDAC5 R 5'-CGG-C C G C T C G A G AT C C T C C T C C T C C T C C C C -3 ', PGC-1 F 5'-ATCCCGGAATTCAAGCCACAAAGA-CGTCCC-3', PGC-1 R 5'-CGGCCGCTCGAGTAT-ATTAATGAGTATTTC-3'. The amplified fragments were digested with EcoRI-XhoI and subcloned into pGEX-5X vector. The mutations of HDAC5 S498A and of Flag-PGC-1 S285A were generated by using the QuickChange site-directed mutagenesis kit (Stratagene) and the following primers:
for S285A of PGC-1 . All mutations were verified by sequencing.
GST-fusion proteins were expressed in Escherichia coli BL21 (DE3) by induction with isopropyl-1-thio--D-galactopyranoside (IPTG) and purified from cleared cellular lysate by affinity chromatography using gluthathione-sepharose beads (Amersham Pharmacia) as described previously (Ahn et al., 2006) .
In vitro kinase assays
In vitro kinase assays for Chk1 and Chk2 were performed as described previously (Brown et al., 1999) . Briefly, 0.1 g of recombinant GST-Chk2 (Brown et al., 1999) or GST-Chk1 (Upstate biotechnology, Lake Placid, NY) and 2 g of purified GST-fusion protein substrates were incubated in a reaction buffer containing 10 mM Hepes (pH 7.5), 50 mM KCl, 10 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 50 M ATP and 5 Ci of [ -32 P]ATP. The mixture was incubated at 30 o C for 30 min and electrophoresed in a denaturing polyacrylamide gel. The gel was stained by coomassie blue to visualize substrates, dried and the phosphorylated proteins were detected by autoradiography.
Cell culture and transfection HEK293 cells were cultured in DMEM supplemented with 10% FBS (Gibco, Rockville, MD). DNA transfections were performed using Lipofectin reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Immunoprecipitation, western blotting and IP-kinase assay For HDAC5 and PGC-1 immunoprecipitation (IP)-kinase assays, 8 g of Flag-tagged expression plasmids were transfected into HEK293 cells and harvested 48 h later with lysis buffer (50 mM Tris [pH 7.5], 50 mM NaCl, 0.5 % Triton X-100, 1 mM EDTA, 1 mM DTT containing phosphatase and protease inhibitors). Cleared lysates were immunoprecipitated with anti-Flag antibody (M2; Sigma, St Louis, MO) and in vitro kinase assays were performed as described above using the proteins bound to immunoprecipitated beads as substrates. The immunoprecipitated protein level was determined by Western blotting with anti-Flag antibody and the ECL detection system (Amersham Pharmacia) as described previously (Chae et al., 2005) .
Results
Identification of novel substrates for Chk1 and Chk2 using the consensus phosphorylation motif Since Chk1 and Chk2 are prime effectors in the DNA damage checkpoint, we decided to identify novel target proteins to understand the regulatory circuit of the DNA damage response signal pathway. To find potential target candidates, we screened the human peptide sequence library utilizing the Chk1 and Chk2 consensus phosphorylation site motif derived previously from the oriented peptide library approach (O'Neill et al., 2002) and the genome-wide search programs the SCANSITE (Yaffe et al., 2001) and PIR pattern search (http://pir.georgetown.edu/pirwww/ search/pattern.shtml). More than 5,000 peptides were found harboring the Chk1/2 consensus phosphorylation motif. The previously identified endogenous substrates such as Cdc25A, B, C, Brca1 and E2F1 were also found. Among the screened peptides, we finally selected 43 putative candidates by considering several factors such as nuclear localization, target site conservation between species and known functions.
In order to test potential candidates, glutathione-S-transferase (GST)-fusion proteins containing 13 amino acids spanning the target motifs of candidates were generated and used as substrates in Chk1 and Chk2 in vitro kinase assays. GST-fusion proteins containing Cdc25C Ser216 and Brca1 Ser988 motifs were used as positive controls. The in vitro kinase assays were performed at least in duplicate and gave essentially the same results. Representative results for all 43 candidates are shown in Figure 1 . Consistent with a previous report (O'Neill et al., 2002) , the Brca1 Ser988 motif was mainly phosphorylated by Chk2 while the Cdc25C Ser216 motif was more strongly phosphorylated by Chk1. Using these two positive controls as a strong and weak phosphorylation standards respectively, we determined the relative level of phosphorylation of the candidates as summarized in Table 1. Among 43 candidates examined, 8 peptides were not phosphorylated by either Chk1 or Chk2. Several candidates were phosphorylated strongly including ST5, HDAC5 (#1), PGC-1 , PP2A PR130, FANCG, GATA3, cyclin G, Rad51D and MAD1a. While ST5, PGC-1 , FANCG, GATA-3 and Rad51D were phosphorylated similarly by both Chk1 and Chk2, PP2A PR130 was phosphorylated more strongly by Chk1 and HDAC5 (#1) and MAD1a were phosphorylated more strongly by Chk2. These results suggest that members of a sub-group of the identified proteins act as substrates for both Chk1 and Chk2, whereas members of a different sub-group of the proteins are phosphorylated specifically by either Chk1 or Chk2.
Larger fragments of HDAC5 (#1) and PGC-1α are phosphorylated by Chk1 and/or Chk2 To further substantiate our screening results, we decided to select two substrates and to test their phosphorylation by Chk1 and Chk2 in more physiological settings. In order to identify novel regulatory pathways, we choose HDAC5 and PGC-1 because their known function in previous studies is relatively less linked to the DNA damage response or to tumorigenesis compared to the other identified substrates (See Discussion). First, to avoid possible artifacts due to using short target motifs as kinase substrates, we examined the phosphorylation of larger fragments of HDAC5 (#1) and PGC-1 by Chk1 and Chk2. Approximately 200 amino acid fragments of HDAC5 (398-600) and PGC-1 (201-400) were generated as GST-fusion proteins and were used as substrates for the in vitro kinase assay. As shown in Figure 2 , the HDAC5 fragment containing #1 target motif was phosphorylated by both Chk1 and Chk2. Previously, the GST-fusion protein of the 13 amino acid motif of HDAC5 (#1) was not strongly phosphorylated by Chk1 (Figure 1) . The strong phosphorylation of the 200 amino acids fragment of HDAC5 (#1) by Chk1 may be due to several possible reasons. Firstly, the larger fragment Figure 1 . Representative result for the phosphorylation of candidate substrates by Chk1 and Chk2. GST-fusion proteins containing 13 amino acids spanning the target motifs of candidates were used as substrates in Chk1 and Chk2 in vitro kinase assays as described in Materials and Methods. Brca1 Ser988 and Cdc25C Ser216 motifs were used as positive controls and the relative phosphorylation level of candidates was determined by comparison to the positive controls as shown in Table 1 . may be capable of forming a more favorable structure for Chk1-dependent phosphorylation. Secondly, the GST-HDAC5 (398-600) fragment may contain additional phosphorylation site(s) for Chk1 in addition to the Ser498 motif. We repeated the experiment several times and observed the same pattern of phosphorylation (data not shown).
Ser498 of HDAC5 is specifically phosphorylated by Chk2
To verify whether HDAC5 Ser498 is the target site for phosphorylation by Chk1 and Chk2, we substituted Ala for Ser498 in the GST-HDAC5 (398-600) fragment by site-directed mutagenesis and examined phosphorylation by Chk1 and Chk2 in vitro. While phosphorylation by Chk2 was completely abolished, the GST-HDAC5 Ser498Ala mutant was still phosphorylated by Chk1 at a similar level to wild type ( Figure 3A ). This result suggests that Chk1 may be phosphorylating a different site although we were unable to find a possible target sequence that matched the consensus phosphorylation motif within the 398-600 amino acids region. In addition, this result provided an explanation for why GST-HDAC5 containing the 13 amino acids motif was not phosphorylated by Chk1, as shown in Figure 1 .
To further examine HDAC5 phosphorylation, we transiently expressed Flag-tagged full length HDAC5 wild type and the Ser498Ala mutant in HEK293 cells. HDAC5 wild type and the Ser498Ala mutant were immunoprecipitated using anti-Flag antibody and Figure 2 . Phosphorylation of 200 amino acids fragments of HDAC5 and PGC-1 by Chk1 and Chk2. The phosphorylation of GST-fusion proteins containing HDAC5 amino acids 378-600 and PGC-1 amino acids 201-400 was examined by in vitro Chk1 and Chk2 kinase assays. After SDS-PAGE separation of the reaction mixture, the gel was stained with coomassie blue to visualize the GST proteins and the phosphorylation signal was obtained by autoradiography. were used as substrates for the Chk1 and Chk2 kinase assay. Consistent with previous GST-fusion protein results, full length HDAC5 was also strongly phosphorylated by both Chk1 and Chk2 ( Figure 3B ). In addition, the mutation of Ser498 abolished Chk2-dependent phosphorylation while Chk1 still phosphorylated the Ser498Ala mutant. From these results, we concluded that the Ser498 motif of HDAC5 is a specific target site for Chk2 and that HDAC5 harbors additional target site(s) for Chk1.
PGC-1α is a specific substrate for Chk1 and Chk2
To examine whether the PGC-1 target motif is responsible for Chk1 and Chk2-dependent phosphorylation, we also substituted Ala for Ser285 of the GST-PGC-1 (201-400) fragment by site-directed mutagenesis. In vitro kinase assay results using wild type and Ser285Ala GST-PGC-1 fragments revealed that mutation of Ser285 completely abolished phosphorylation by both Chk1 and Chk2 ( Figure 4A ). In the IP-kinase assay using Flag-tagged full length PGC-1 , Chk1 and Chk2 both strongly phosphorylated PGC-1 and consistent with Figure 4A , this phosphorylation was completely abolished by the Ser285Ala mutation ( Figure 4B ). These results suggest that PGC-1 Ser285 is a specific and unique target site for both Chk1 and Chk2 phosphorylation.
Discussion
In this study, a number of novel substrates for Chk1 and Chk2 were identified by using a combination of a genome wide peptide library search and an in vitro kinase assay. The newly identified targets consist of several relevant proteins in the DNA damage response including transcription factors, DNA repair molecules and cell cycle regulatory proteins. Some of the target proteins have been shown to be directly involved in DNA damage repair. For example, Rad51D is required for recombinational repair of damaged DNA (Takata et al., 2001) . FANCG/XRCC9 is one of the Fanconi anemia genes and is involved in DNA double strand break (DSB) repair in S phase (Yamamoto et al., 2003) .
Cell cycle progression and cell growth are major targets of the DNA damage checkpoint. The list of newly identified targets contains cell cycle regulatory proteins. MAD1a is a component of the mitotic checkpoint (Iwanaga and Jeang, 2002) . PP2A PR130 is the regulatory subunit of protein phosphatase 2 (PP2A), one of four major Ser/Thr phosphatases and is implicated in the negative control of cell growth (Hendrix et al., 1993) . Cyclin G is identified as a p53 target gene and recent studies suggest that cyclin G negatively regulates the p53-mdm2 network in an ATM-dependent manner upon DNA damage (Ohtsuka et al., 2004) . ST5 and GATA-3 have been implicated in cancer development. ST5 (suppression of tumorigenicity 5) was identified by its ability to suppress the tumorigenicity of Hela cells in nude mice and acts as an inhibitor of the RAS-ERK2 pathway (Majidi et al., 2000) . GATA3 is known as a key regulator of T-cell lineage determination. Interes- Figure 4 . The Ser285 motif of PGC-1 is a specific target for both Chk1 and Chk2. (A) Wild type and S285A GST-PGC-1 (201-400) fragments were purified and were used as substrates in Chk1 and Chk2 in vitro kinase assay. (B) Flag-tagged full length PGC-1 wild type and PGC-1 S285A were immunoprecipitated with antiFlag (M2) antibody from transiently transfected HEK293 cell lysate and were used as substrate in Chk1 and Chk2 in vitro kinase assays. The levels of immunoprecipitated proteins were determined by Western blotting with anti-Flag (M2) antibody. tingly, it has been reported recently that the expression level of GATA3 is closely related to breast cancer prognosis (Mehra et al., 2005) . Whether these putative target proteins are bona fide in vivo target for Chk1 and Chk2 needs to be confirmed in future studies.
Previous studies reported that HDAC5 is involved in transcription regulation, cell cycle progression, differentiation and apoptosis (Yang and Gregoire, 2005) . Although HDACs have been implicated in tumorigenesis (Wade, 2001) , the role of HDAC5 in the DNA damage response is not clear. PGC-1 is a transcriptional coactivator and plays an essential role in mitochondria biogenesis, fatty acid oxidation and gluconeogenesis (Puigserver and Spiegelman, 2003) . However, whether PGC-1 participates in the DNA damage response is largely unknown. In this study, we showed that HDAC5 and PGC-1 are specific targets for Chk1 and/or Chk2 at least in vitro. While the exact roles of HDAC5 and PGC-1 in DNA damage response need to be determined, further studies should provide important insight for understanding the function of Chk1 and Chk2 in a wide range of cellular responses upon DNA damage.
Previous studies suggest that Chk1 and Chk2 are functionally overlapping in response to genotoxic stress ). The fact that Chk1 and Chk2 play redundant roles in DNA damage response is supported by the overlapping spectrum of their known substrates, most of which are shared by both kinases (Bartek and Lukas, 2003) . However, despite their overlapping role in checkpoint signaling, the differences in biochemical property and biological requirements for Chk1 and Chk2 are remarkable. While protein level of Chk2 is constant throughout the cell cycle, Chk1 protein is mainly expressed in S and G2 phase . The phenotype of Chk1 and Chk2 knockout and knockdown models indicate that Chk1 but not Chk2 is essential for development and viability (Hirao et al., 2000; Liu et al., 2000; Takai et al., 2000 Takai et al., , 2002 . Furthermore, cancer-related somatic abnormalities of Chk1 are relatively rare and only found in colon, stomach, and endometrim carcinomas so far (Bertoni et al., 1999; Menoyo et al., 2001) , but somatic mutations of Chk2 have been found in diverse type of human cancers [reviewed in ]. These studies strongly suggest that Chk1 and Chk2 play distinct biological function through unique subset of target protein. Consistent with this notion, while a group of newly identified substrates in this study were phosphorylated by both Chk1 and Chk2, a sub-group of substrates were specifically phosphorylated by either Chk1 or Chk2. Thus, further studies will be important for mechanistic understanding of Chk1-and Chk2-specific biological functions.
